Abstract: This paper seeks to investigate thermal behaviour of a thin-walled deployable composite boom (DCB) in a space environment using ground thermal-vacuum test and FEA methods. Thermal tests simulating a space environment include three key conditions, namely ultra-high level of vacuum (lower than 10 -5 Pa), heat sink (-180℃) that is realized using black panels with the liquid-nitrogen cooling system and thermal loading that is achieved through infrared lamps. The thermal tests of the DCB under seven typical heat fluxes were conducted to characterize heat transfer mechanisms and to obtain temperature fields. The basic heat transfer methods for the DCB in a space environment were surface radiation, cavity radiation and heat conduction. These led to significant temperature difference and gradient occurring on the irradiated and shadowed parts of the DCB at nighttime and daytime. FE models were established to predict temperature fields and thermally induced deformation. Good correlation was achieved between experimental and numerical results.
NOMENCLATURE

INTRODUCTION
Thin-walled deployable composite boom (DCB) structures of hinge and lenticular boom varieties are of considerable interest in the aerospace field, with typical examples shown in Figure 1 [1] [2] [3] [4] [5] [6] .
Many investigations of these structures have been conducted to deal with the foldable properties and stiffness in a fully deployed state [7] [8] [9] [10] [11] [12] . However, only a few investigations were focused on thermal behaviour of deployable composite structures in a space environment. The basic heat transfer mechanisms for a space vehicle include radiation and conduction, without convection owing to the vacuum condition. Significant temperature difference and gradient occur on the irradiated and shadowed parts of space vehicles under solar direct radiation and infrared radiation from the Earth at nighttime and daytime. This can further lead to thermal deformation or other problems affecting service properties. Therefore, characterizing and understanding thermal behaviour of thin-walled deployable composite structures is important.
It is expensive and difficult to carry out a true space thermal test or even a ground simulated one.
Thus only a few experimental investigations have been openly reported. Frisch [13] presented analytical solutions for determining bent and twisted deformations of a Gravity Gradient boom induced by a solar thermal field. It was shown that the thermal equilibrium shape of Gravity Gradient boom was not unique due to a planar assumption. Thus this method is more suitable for thermal deflection analysis of very long thin-walled members with open section. Thornton et al. [14] proposed an analytical model to examine the reasons for thermal failure of the solar array on the Hubble space telescope. An approximate analytical solution for temperature distribution of the closed thin-walled circular tube was obtained by Fourier expansion of temperature in the circumferential direction and neglect of the conduction along the length of the tube. Thus temperature field in the cross section can be determined. This analytical method is not suitable for complex structures. Gulick and Thornton [15] developed an analytical beam model to investigate thermally-induced motion of an axial boom of a spin-stabilized spacecraft. The stability of the coupled response was analyzed using the Floquet theory. It was found that unstable thermally-induced response was possible for parameters characteristic of a typical axial boom.
Ishimura and Higuchi [16] presented an analytical model to characterize the coupling effect between structural deformation and attitude motion of large planar space structures suspended by multi-tethers. It was shown that roll and yaw motions were unstable due to thermally induced deformation. Liu and Pan [17] proposed a rigid-flexible-thermal coupling dynamic model for satellite and plate multibody systems. This model considers the influence of both the rotational motion and the elastic deformation on the heat flux applied on the elastic bodies. The coupling effect of both the rotational motion and elastic deformation on the temperature gradient and the thermally induced fluttering effect can be evaluated using their model. Givoli et al. [18] developed a numerical model to analyze large truss-type space structures undergoing periodic motion through Fourier decomposition in time and finite elements in space. Both the temperature field and the displacement field in structures were obtained. In numerical examples, the transition between the quasi-steady state and dynamic state in thermal elastic analysis was discussed. Yang et al. [19, 20] simulated the temperature field of a solar array of the spacecraft. The period change rule of the temperature field and the characteristic of temperature distribution of the solar array were revealed. Block and Leipold et al. [5, 21] analyzed the temperature distribution of collapsible composite lenticular tubes under solar radiation and investigated the influence of coatings on temperature field using FEA method. Howerver, the simulated results indicated that the cavity radiation effect on temperature field was not considered in the FE model. This led to non-existence of a temperature gradient in axial direction. Taylor et al. [22] experimentally investigated the foldable ability of elastic memory composite booms in a ground thermal vacuum environment. Passive deployment of the booms was successfully demonstrated. They preliminarily explored the possibility of simulated space environment test for deployable composite structures.
From the above reviews, it is clear that thermal behaviour of conventional space structures have been investigated reasonably well using theoretical methods, but still lacking of experimental investigations. Thus, there is the scope for improving our understanding thermal behaviour of the thin-walled DCB. The DCB is receiving more attention and application in aerospace engineering due to superior mechanical properties and packaging convenience. It is important to characterize the thermal behaviour of the DCB in space environment. This paper, therefore, makes an effort to provide an insight into thermal tests simulating a space environment to obtain thermal behaviour of the DCB. FE models are established to predict temperature distribution and thermally induced deformation.
THERMAL EXPERIMENT OF SIMULATED SPACE ENVIRONMENT
Scheme Design
The basic heat transfer mechanisms of structures in a space environment include radiation and 
This is so small that the change can be completely neglected, and the sunlight can be then idealized as the parallel light with a constant solar radiation intensity.
The solar radiation energy absorbed by the Earth is emitted from the Earth by the form of infrared radiation. The infrared radiation intensity of the Earth can be described as [23] ( ) 
where τ is the transparence coefficient of atmosphere with the value of 0.9 [23] , H is orbit altitude and g ρ is the reflectivity with the value of 0.3 [23] . From Equation ( Figure 4 shows a solar sail spacecraft based on the DCB. The length of the DCB is commonly several dozens or hundreds of meters. Thus, significant thermally induced deformation occurs due to temperature difference and gradient on the irradiated and shadowed parts of the DCB. Figure 5 shows heat transfer mechanisms of thin-walled cavity structures in space environment. Heat sink, solar radiation, infrared radiation of the Earth, heat conduction, surface radiation and cavity radiation have influences on temperature field of the DCB. This poses a serious challenge to techniques used for a thermal testing in laboratories of the simulated space environment.
Three key indispensable conditions for the thermal test of the simulated space environment in this paper include:  Ultra-high vacuum level that is lower than 10 -5 Pa  Ultra-black and cold heat sink of 93.15K (i.e.-180 °C) that is realized by using black panels with the liquid-nitrogen cooling system  Thermal loading (i.e. heat flux) that is obtained through infrared lamp array
In the thermal test, the heat sink temperature of 93.15K（i.e. -180 °C）is chosen rather than 4K (i.e.
-269 °C), because it is too costly to simulate the latter.
According to radiation rule ( )
where 1 T is the thermodynamic temperature of a body surface, 2 T is the thermodynamic temperature of a heat sink, ε is the infrared emissivity, A is the area of body surface and σ is the Steffane-Boltzman constant (i.e. 5.67×10 -8 W/(m 2 K 4 )).
Transforming Equation (4), one has ( )
where λ is the transformation variable which can be used to depict the effect of the body surface temperature on infrared radiation. 
Equation (7) shows the influence of the laboratory testing heat sink temperature and the true space heat sink temperature on infrared radiation. The maximum influence of heat sink temperature on infrared radiation is less than 8.38 %. Hence the laboratory testing heat sink temperature can be used to reasonably simulate the true space environment; This satisfies the thermal analysis requirements from an engineering perspective.
Thermal Test
The geometry and dimensions of the DCB specimen used for thermal test are shown in Figure 6 were arranged along longitudinal direction with a spacing interval of 250 mm. The DCB specimen with arranged temperature sensors is shown in Figure 7 (a). The thermal test system was established according to the scheme design mentioned in section 2.1 (shown in Figure 7b ), including vacuum tank, heat sink, infrared lamps, DCB specimen, heat flow meters, temperature sensors, etc. The heat flux can be accurately controlled by changing the power of infrared lamps. The heat flux loaded on the specimen was measured by heat flow meters and was captured as a feedback to the heat flux control system. The thermal test was started after confirming all test conditions (shown in Figure   7d ). Firstly vacuuming was carried out. The precool system worked when the vacuum degree was lower than 10 -5 Pa. The infrared lamps were lit once the heat sink temperature was below 93.15 K shown in Figure 10 and Table 1 . From Figure 10 and Table 1 Table 2 . Figure 14 shows the calculated temperature versus normalized distance along length direction on the top and bottom paths of the DCB. The temperature gradually increases from end-section to middle-section and tends to be a constant from 1/5 length with zero temperature gradient. Temperature gradient on the shadowed part are distinctly higher than the one 8 on the irradiated part, especially for the case of the relative lower heat flux. This is caused by the effect of the surface radiation and cavity radiation on heat transfer, namely the range near the end-section loses more heat than other parts. These simulated results correlate well with experiments.
Thermally Induced Deformation
A 3D FE model of the DCB used for thermally induced deformation analysis is established by ABAQUS code. The mesh is the same as the one of the heat transfer FE model (shown in Figure   11a ). A layered shell element S8R that is an 8-node heat doubly curved shell element is employed, and the total number of elements is 1040. The symmetrical boundary condition on the middle section of the DCB is adopted (shown in Figure 15 ). Room temperature of 298.15 K is chosen as the initial temperature used in thermal deformation analysis. As the thermal loadings, the temperature fields obtained using heat transfer FE model are imported into the FE model used for thermal deformation analysis. The relevant mechanical material properties used in this FE model are listed in Table 2 . However, visibility in the tank is very limited due to simulating the heat sink of the space environment. It is too dark to capture clear image of the boom. Moreover, the ultra low temperature is very harsh for the measuring system. So the experimental measurements of the thermal distortion of the boom could not be obtained. Notwithstanding this limitation, the experiments nevertheless have shed new light on our understanding of DCB in space.
CONCLUSIONS
The thermal behaviour of the DCB in space environment were investigated using ground simulated testing and FEA methods. The heat transfer mechanism and thermally induced deformation were analyzed. Significant results emerging from the studies are as follows.
(1) An experimental and numerical thermal analysis methods for the thin-walled DCB under space environment were proposed in this paper. The experimental data and numerical simulations of seven heat flux conditions were obtained. A significant temperature difference and gradient occur on the irradiated and shadowed parts of the DCB at night and daytime due to inefficient heat transfer methods such as the infrared cavity radiation and conduction of flanges.
(2) The surface radiation, cavity radiation and the structural heat conduction were considered in the FE models that can accurately simulate the temperature fields in all heat flux conditions. Thermally In-plane shear modulus G12 (GPa) 2.5
Poisson's ratio ν12 0.3
